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Combining high-speed photography with direct force measurements, we investigate the impact
dynamics of drops of cornstarch-water mixtures—a premier example of shear-thickening fluids—across
a wide range of impact conditions. Our Letter identifies three distinct impact regimes. In addition to the
liquidlike and solidlike behaviors generally expected for the impact-induced response of shear-thickening
fluids, we uncover a counterintuitive regime in which high-concentration cornstarch-water mixtures
display a liquidlike response at the onset of impact when shear rates are high and only transition to a
solidlike behavior at later times as shear rates reduce. By integrating the classic drop-impact theory with the
Reynolds-Darcy mechanism for dilatancy, we develop a unified model that quantitatively describes the
impact dynamics of shear-thickening drops across all regimes. Our Letter reveals the unexpected response
of shear-thickening fluids to ultrafast deformation and advances the fundamental understanding of drop
impact for complex fluids.

DOI: 10.1103/fyx7-jb1d

From raindrops battering a windshield to coffee droplets
splashing onto a table, everyday drop impact often belies
the extreme mechanics underlying this ubiquitous fluid
process [1–3]. Indeed, drop impact provides an elegant
platform for probing fluid behavior under rapid deforma-
tion, inaccessible to standard rheometric techniques [4].
Motivated by this fundamental interest as well as its broad
relevance in industrial, agricultural, and biomedical appli-
cations, the impact of drops of complex fluids with diverse
rheological properties has been extensively studied [5,6].
Among these, shear-thickening fluids—most famously
exemplified by cornstarch-water mixtures [7,8]—stand
out due to their dramatic viscosity increase and striking
shear jamming behavior at high shear rates [9–12], giving
rise to rich and complex impact dynamics [13–15].
Nevertheless, compared with the in-depth studies on drop
impacts of many other complex fluids and on the comple-
mentary problem of the response of bulk shear-thickening
fluids under the impact of solid projectiles [16–27], our
understanding of the impact of shear-thickening drops
remains elementary, despite growing interest in shear-
thickening drops in applications such as 3D printing [28]
and soft robotics [29].
Here, we study the impact dynamics of drops of

cornstarch-water mixtures, subjected to a characteristic
shear rate up to 2; 000 s−1. Unlike previous studies that

solely focused on the kinematics of impacting drops using
high-speed photography [13–15], we directly measure the
transient impact force of the drops, which reveals previ-
ously inaccessible dynamic features. Our combined kin-
ematic and dynamic measurements challenge the prevailing
view that a shear-thickening drop behaves like an elastic
or viscoelastic sphere at high shear rates [11,15,23,26,27]
and uncover an unexpected impact regime, where, despite
extremely high shear rates, the drop shows a liquidlike
response at short times, before transitioning to a solidlike
behavior as the shear rates decrease over time. Our Letter
provides new insights into the unusual behavior of shear-
thickening fluids under ultrafast deformation and offers a
comprehensive understanding of the impact dynamics of
shear-thickening drops, significantly advancing our knowl-
edge of the impact of complex fluid drops.
We prepare suspensions of cornstarch (CarolinaBiological

Supply) in water with volume fractionsϕ ranging from 0.30
to 0.43, spanning rheological regimes from shear thinning
to continuous and discontinuous shear thickening (Fig. S1
in the Supplemental Material) [30]. Synchronized with a
high-speed camera (Photron, SA-X2) that visualizes drop
spreading, a force sensor (PCB, 209C11) simultaneously
measures the transient normal impact force, FðtÞ. For each
experiment, a drop of a diameter of D0 ¼ 4.0� 0.2 mm
impacts an aluminum surface at a velocity, U0, ranging
from 0.5 up to 7.2 m=s. The density of the mixtures is
ρ ¼ ρcϕþ ρwð1 − ϕÞ, with the densities of cornstarch and
water being ρc ¼ 1.55 g=cm3 and ρw ¼ 1.0 g=cm3.*Contact author: xcheng@umn.edu
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By examining the correlation between the kinematic and
dynamic features of drops, we identify three distinct impact
regimes. Specifically, we measure the ratio of the time of
maximum force, tFmax, to the time of maximum drop spread-
ing, tDmax, as a function of volume fractionϕ and characteristic
shear rate U0=D0 [Fig. 1(d)]. Regime (1) (Movie S1, [30]):
At low volume fractions ϕ < 0.37 where mixtures exhibit
continuous shear thickening, we observe tFmax=tDmax ≪ 1 and
a distinctly asymmetric impact force profile FðtÞ about tFmax
[Fig. 1(a)], both hallmarks of the inertia-driven impact of
liquid drops [42,43]. Regime (2) (Movie S2, [30]): For
ϕ > 0.37, mixtures exhibit discontinuous shear thickening at
high shear rates. At relatively low impact velocity U0—or
equivalently, low shear rate U0=D0—the ratio tFmax=tDmax
approaches 1 [Fig. 1(d)], and the impact force FðtÞ becomes
more symmetric about tFmax [Fig. 1(b)], features typically
associated with the impact of solid spheres [44]. Regime (3)
(Movie S3, [30]): For mixtures of high ϕ, as the impact
velocity and therefore the shear rate increase further, one
might expect an even more pronounced solidlike response
due to strong shear thickening at higher shear rates.
Surprisingly, tFmax=tDmax decreases in this third regime, reach-
ing values comparable to those observed in liquid-drop
impact [Fig. 1(d)]. The force profile FðtÞ exhibits new
intriguing features [Fig. 1(c)]: it rises sharply at early times,
similar to the liquid-drop impact; maintains a high plateau
after reaching the peak force; and finally plummets to zero,
reminiscent of a solid-sphere impact.
To understand these multifaceted observations, we ana-

lyze the detailed impact dynamics and elucidate the
physical mechanisms governing each of the three regimes.

Regime (1) (small ϕ)—For low-ϕ mixtures showing
continuous shear thickening (Fig. S1), inertia dominates
the impact process. The impact force is well described by
the theory of liquid drop impact [Fig. 1(a)] [3,42,43]:

FðtÞ ¼ cA0

ffiffi
t

p
expð−t=τÞ; ð1Þ

where c is a dimensionless constant, A0 ¼ ρU5=2
0 D3=2

0 is a
dimensional factor, and τ represents the timescale at which
the force decays at long times.
We extract c and τ by fitting FðtÞ under various impact

conditions. Figure 2(a) shows c as a function of the character-
istic shear rate U0=D0. The data indicate an approximately
constant c ¼ 3.99� 0.75, consistent with the theoretical
prediction c ¼ 3

ffiffiffi
6

p
=2 ≈ 3.67 [42]. Equation (1) further

predicts a linear relation between the decay time and the
time of maximum force, τ ¼ 2tFmax, which is again in
quantitative agreement with experiments [Fig. 2(b)]. A linear
fit to the data yields τ ¼ stFmax with s ¼ 1.88� 0.05. Hence,
the impact of low-ϕ mixtures exhibiting continuous shear
thickening can be approximated as the impact of Newtonian
fluids driven by inertia [6].
Regime (2) (large ϕ, low U0)—Previous studies on

shear-thickening drop impact have largely focused on
high-ϕ mixtures with discontinuous shear-thickening at
low impact velocities due to the experimental challenge of
achieving high impact velocities. Upon impact, a solidifi-
cation front forms at the point of contact and propagates
upward rapidly, abruptly arresting the drop’s spreading and
resulting in a maximum deformation that is insensitive to
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FIG. 1. Phase diagram of the impact dynamics of shear-thickening drops. (a)–(c) Temporal evolution of the impact force, FðtÞ, for
drops of cornstarch-water mixtures at (a) volume fraction ϕ ¼ 0.35, impact velocity U0 ¼ 1.2 m=s; (b) ϕ ¼ 0.43, U0 ¼ 3.5 m=s; and
(c) ϕ ¼ 0.41, U0 ¼ 5.1 m=s. Solid lines show averages over five experiments, with shaded regions indicating the standard deviation,
while dashed lines correspond to model predictions. Vertical dashed and dotted lines indicate the time of maximum force tFmax and the
time of maximum spreading tDmax, respectively. F is normalized by ρU2

0D
2
0, and time t by D0=U0. (d) Ratio of the two times, tFmax=tDmax,

plotted as a function of ϕ and characteristic shear rate U0=D0. Three regimes are indicated: ① Inertial, ② Dilatant, and ③ Inertial dilatant.
Circled points correspond to the examples shown in (a)–(c). The dashed line shows the onset of discontinuous shear thickening, while
the dot-dash line indicates the model prediction for the boundary between Regimes (2) and (3), corresponding to ID ¼ 1 [Eq. (6)].
Symbol shapes denote samples with different ϕ (the y axis), and symbol colors indicate the value of tFmax=tDmax. The gray region marks the
shear rates inaccessible to conventional rheometry. A three-dimensional representation of the dataset is provided in Fig. S2 in the
Supplemental Material [30].
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impact velocity [13–15]. As shear-thickening fluids that
undergo shear jamming are often modeled as elastic or
viscoelastic solids [11,15,23,26,27], Young’s modulus of
impacting shear-thickening drops has been estimated
accordingly [15]. The temporal variation of the impact
force obtained in our experiments uncovers the details of
the early-time dynamics that are not captured by drop
kinematics alone, providing a more stringent test of the
solid-response models. Fitting the measured FðtÞ with
elastic or viscoelastic models yields parameters (e.g.,
Young’s modulus and zero-shear viscosity) that are either
internally inconsistent or in disagreement with independent
measurements [30]. This finding suggests that, contrary to
the conclusions of prior studies, an impacting drop under-
going discontinuous shear thickening cannot be modeled as
a simple elastic or viscoelastic sphere.
The understanding of the early-time impact dynamics of

Newtonian drops builds on the classical impact theory of
Wagner [42,45], originally developed to describe the water
entry of solid bodies [46]. The dual nature of the solid-
object impact on liquids and liquid-drop impact on solid
substrates motivates us to apply the model of solid-sphere
impact on a pool of cornstarch–water mixtures [21] to
resolve the solidlike response of shear-thickening drops
impacting flat solid substrates.
Above the critical volume fraction ϕc, cornstarch-water

mixtures show discontinuous shear thickening. The high
shear rates induced by impact trigger Reynolds dilatancy of
the cornstarch particles within the drop (Movie S4)
[11,13,30], leading to the solidlike response observed in
this regime. Specifically, dilatancy reduces the pore pres-
sure, which drives Darcy flow through the interstitial pores
and forces particles into closer contact. The process
enhances interparticle friction and gives rise to the observed
solidlike impact force. Quantitatively, the pore pressure Pf

is governed by the Reynolds–Darcy equation [21,30]:

∇2Pf ¼
μw
κ
γ̇ tan Ψ ¼ μw

κ
γ̇αðϕ − ϕcÞ; ð2Þ

where γ̇ is the shear rate, μw ¼ 1 mPa · s is the water
viscosity, and κ ¼ ð1 − ϕÞ3a2=ð180ϕ2Þ is the permeability
of the mixtures with a ≈ 10 μm the average diameter of
cornstarch particles. The extent of dilatancy is character-
ized by the Reynolds dilatancy angle Ψ ¼ atanðαΔϕÞ,
which scales with the deviation from the critical volume
fraction, Δϕ ¼ ϕ − ϕc, with a prefactor α ≈ 1 [47]. Note
that ϕc is constant at about 0.37 at sufficiently high shear
rates relevant to our Letter [Fig. 1(d)].
Using Eq. (2), the pore pressure can be estimated as

Pf ≈
μw
κ
γ̇Δϕh2 ≈

μw
κ
Δϕrc

�
�
�
�
dh
dt

�
�
�
�; ð3Þ

where the drop height at time t, hðtÞ, gives the deformation
length scale. The characteristic shear rate γ̇ is estimated as
ur=h, where the radial spreading velocity ur ¼ jdrc=dtj ≈
ðrc=hÞjdh=dtj and rc denotes the radius of the contact area
[30,48]. The resulting contact stress APf [21,49] over the
contact area πr2c gives the impact force:

FðtÞ ≈ Aπr3c
μw
κ
Δϕ

�
�
�
�
dh
dt

�
�
�
�: ð4Þ

Here, A is the effective friction coefficient, which can be
derived from the bearing capacity of a frictional granular
bed and is related to the friction angle β0 at ϕc by [21,49]

A ¼ 1 − sin β

1þ sin β
expðπ tan βÞ; ð5Þ

with tan β ¼ tan β0 þ tan Ψ. Note that Laplace pressure
from surface deformation is negligible and is therefore
excluded from the calculation of FðtÞ [30].
Extracting rcðtÞ and hðtÞ from the shape of the spreading

drops, the Reynolds-Darcy model provides a quantitative
description of the impact force in the solidlike regime
[Fig. 1(b)]. The fitting yields β0 ¼ 44� 2°, agreeing well
with the repose angle of cornstarch powder [50].
Regime (3) (large ϕ, high U0)—High-ϕ mixtures in this

regime also exhibit discontinuous shear thickening, similar
to those in Regime (2), yet display a qualitatively different
impact response. In particular, the mixtures show an unex-
pected re-entrant liquidlike behavior at high impact veloc-
ities, with tFmax=tDmax dropping well below unity [Fig. 1(d)].
The corresponding force profile has a hybrid character,
appearing liquidlike at early times and solidlike at later
times [Fig. 1(c)].
Below, we analyze the early and late stages of the impact

separately to highlight the distinct dynamics that emerge
over time.
Early impact—Before the peak force, we measure the

spreading of the drop’s contact line, rðtÞ, which follows a
power-law behavior, rðtÞ ∼ tn (Fig. S3) [30]. In the liquid-
like regime [Regime (1)], n ≈ 0.5 [Fig. 3(a)], consistent

(a) (b)

FIG. 2. Liquid-drop impact behavior of shear-thickening fluids.
(a) Prefactor c in Eq. (1) as a function of characteristic shear rate
U0=D0. The dashed line shows c ¼ 3

ffiffiffi
6

p
=2. (b) Decay time τ in

Eq. (1) as a function of the time of maximum force tFmax extracted
from experiments. The dashed line indicates τ ¼ 2tFmax. Times are
normalized by D0=U0. Symbol shapes denote ϕ, while colors
indicate tFmax=tDmax, as in Fig. 1(d).
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with the well-established result for inertia-driven liquid-
drop impact [42,45,51]. The exponent decreases to about
0.42 in the solidlike regime [Regime (2)], but returns to
n ≈ 0.5 in Regime (3), indicating a resurgence of inertial
effects at early times.
In addition to the spreading dynamics, the timing of the

peak force further underscores the dominant role of inertia
at early times. In inertia-driven drop impact, the maximum
force occurs when the drop’s side walls are perpendicular to
the surface [42,43], corresponding to the moment of the
highest rate of change of vertical momentum. We measure
the sidewall angle at the moment of peak force, θðt ¼ tFmaxÞ,
across all impact conditions [Fig. 3(b)]. In the liquidlike
regime [Regime (1)], θðtFmaxÞ ≈ 90°, as expected. In con-
trast, the angle consistently exceeds 90° in the solidlike
regime [Regime (2)], indicating that the peak force
arises from a different, noninertial mechanism. More
importantly, θðtFmaxÞ decreases and returns to 90° in
Regime (3), mirroring the trend observed in the spreading
exponent n.
Thus, both kinematic and dynamic measurements sug-

gest that, although high-volume-fraction cornstarch–water
mixtures exhibit strong discontinuous shear thickening,
their early-time response remains inertia dominated under
high impact velocities, leading to a counterintuitive liquid-
like behavior at the beginning of drop impact when the
shear rate is extremely high.
Late impact—As the inertia of the drop decreases over

time, the impact force induced by the Reynolds-Darcy
mechanism gradually overtakes the inertial force. The
solidlike response at late times in Regime (3) is evident
when we examine the rate of change of force, Ḟ, i.e., the
jerk of the motion (Fig. 4).
A pronounced feature of the solidlike response is a sharp

minimum in Ḟ, indicating a rapid decline in the impact
force at late times. This minimum, or “jerk dip,” marks the
complete transition of the impacting drop into a jammed
solid (Fig. S6) [30], a feature absent in liquid-drop impact.

The hybrid nature of the impact dynamics in Regime (3) is
most clearly reflected in the behavior of Ḟ (Fig. 4): at early
times, the curve matches that of a liquid-drop impact,
showing a rapid decrease of the jerk, while at late times, it
exhibits a pronounced negative minimum in Ḟ, character-
istic of a solidlike response.
The physical picture outlined above allows us to

demarcate the phase boundaries between the three impact
regimes. First, because discontinuous shear thickening
and the solidlike impact response originate from the
same physical mechanism—namely Reynolds dilatancy
[11,52]—the boundary between Regime (1) and Regimes
(2) and (3) is determined by the critical volume fraction
ϕc ≈ 0.37 for the onset of discontinuous shear thickening,
indicated by the dashed line in Fig. 1(d). Below ϕc,
cornstarch-water mixtures exhibit continuous shear thick-
ening. In the absence of Reynolds dilatancy, drops of
these low-ϕ mixtures display only inertia-driven, liquid-
like impact responses.
The transition between Regimes (2) and (3) is

governed by the competition between inertia and dilat-
ancy in the early stage of impact. While the inertial force
scales as Fi ∼ ρU2

0D
2
0, the dilatant force scales as Fd ∼

AμwU0D3
0Δϕ=κ [Eq. (4)], where we set rc ∼ h ∼D0 and

dh=dt ∼ U0. The ratio of these two forces, coined as the
inertial-dilatant number (ID), is

ID≡ Fi

Fd
¼ ρκU0

AμwΔϕD0

: ð6Þ

At large ID, inertia dominates the early-stage impact,
giving rise to the counterintuitive reentrant liquid dynam-
ics in Regime (3). Thus, ID ¼ 1 marks the phase
boundary between Regimes (2) and (3) [the dash-dotted
line in Fig. 1(d)].
As the inertial timescale scales as ti ∼D0=U0 [3,42] and

the timescale of dilatancy is given as td ∼ ρκ=ðAμwΔϕÞ
[30,53], ID can also be interpreted as the ratio of the
dilatant to inertial times, ID ¼ td=ti. In Regime (2) with
ID ≪ 1, dilatancy develops on a shorter timescale than
inertia, resulting in a predominantly solidlike impact

(a) (b)
1

2

3 1

2

3

FIG. 3. Early-time impact dynamics. (a) Spreading exponent n
as a function of the characteristic shear rate U0=D0. (b) Angle
between the drop sidewalls and the impacted substrate, θ, at the
time of maximum force as a function of U0=D0. The dashed
lines indicates the liquid-drop impact behaviors n ¼ 0.5 (a) and
θ ¼ 90° (b). The inset shows θ for a ϕ ¼ 0.30 sample. The three
regimes are labeled. Symbol shapes denote ϕ, while colors
indicate tFmax=tDmax, as in Fig. 1(d).

jerk dip

Inertial-dilatant
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1
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FIG. 4. Late-time impact dynamics. Time derivative of the
impact force, Ḟ, for the three force curves in Figs. 1(a)–1(c). Ḟ is
nondimensionalized by ρU3

0D0 and t by D0=U0.
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response at early times. In contrast, Regime (3) corresponds
to ID ≫ 1, where inertia dominates the early-time impact
dynamics. Near the phase boundary with ID ∼ 1, the two
timescales become comparable. The decay of one force is
balanced by the growth of the other, giving rise to the
extended force plateau observed in experiments. Indeed, we
measure the duration of the maximum-force plateau, Δtp,
which exhibits a clear maximum near ID ∼ 1 (Fig. S8),
providing direct experimental support for the analysis.
Guided by the scaling analysis above, we develop a

unified model that quantitatively captures the impact force
across all regimes. The relative contributions of inertial and
dilatant stresses evolve over the course of a single impact
event in Regime (3), with the inertial response dominating
at early times and the dilatant response dominating at late
times. This observation necessitates the introduction of a
time-dependent weighting function, wFðtÞ, for describing
the temporal evolution of the impact force. Physically, upon
impact, the bottom portion of the drop solidifies first,
forming a solidification front that propagates upward
toward the top of the drop [15]. We show that the
contribution of the dilatant stress to the total stress is
proportional to the solidified fraction of the drop, thereby
providing a physical basis for wFðtÞ (Sec. 7A in [30]). This
theoretical result enables us to determine wFðtÞ experi-
mentally by tracking the evolution of the solidification front
within the drop (Fig. S4). wFðtÞ increases from 0 at t ¼ 0
and approaches 1 at late times, when solidification is
complete (Fig. S5). The total impact force follows as
FðtÞ ¼ ½1 − wFðtÞ�FiðtÞ þ wFðtÞFdðtÞ, where FiðtÞ and
FdðtÞ are the inertial and dilatant impact forces from
Eqs. (1) and (4), respectively. The simple model provides

an excellent description of the highly structured impact
force profile across regimes [see Fig. 5(a) for an example in
Regime (3) and Figs. S10–S15 for all datasets [30] ].
Figure 5(a) reveals that the reduction in inertial force is

offset by a corresponding increase in dilatant force,
producing the extended plateau around the peak force,
as predicted by the scaling analysis. The fitting parameters
c and τ follow the same trend observed in Regime (1)
(Fig. 2), and β0 ¼ 41� 5° is consistent with that extracted
from Regime (2).
Our model enables quantitative assessment of the relative

contributions of the solidlike and liquidlike responses to the
conversion of the total impact momentum. The momentum
change associated with the dilatancy-driven solidlike
response can be calculated as Md ¼

R∞
0 wFðtÞFdðtÞdt,

i.e., the area underneath the red dashed line in Fig. 5(a).
The relative solid contribution to the momentum conver-
sion is Md=mU0 [Fig. 5(b)], where m ¼ πρD3

0=6 is the
drop mass. The conversion of drop momentum is domi-
nated by the inertial force withMd=mU0 ¼ 0 in Regime (1)
and by the dilatant force with Md=mU0 ≈ 1 in Regime (2).
The analysis also shows that Md=mU0 decreases with
increasing U0, reaching approximately 0.5 at the phase
boundary between Regimes (2) and (3). These findings
further confirm the existence of three distinct impact
regimes [Fig. 5(b)].
By leveraging direct force measurements, our Letter

uncovers the unusual dynamics of impacting shear-
thickening drops that are inaccessible to high-speed
photography. Force measurements are especially inform-
ative during the early stage of drop impact and in
regimes where the drop exhibits solidlike behavior,
critical for understanding the impact of shear-thickening
drops. Deformation under these conditions is often too
subtle to resolve optically yet produces pronounced force
signals.
The combined kinematic and dynamic measurements

enable us to probe the behavior of shear-thickening fluids
at ultrahigh shear rates, opening a new avenue for impact-
based rheometry. Particularly, our measurements reveal the
coexistence of an inertia-driven liquid response and a
dilatancy-driven solid response for high-volume-fraction
cornstarch-water mixtures at high impact velocity. While
our model assumes a simple separation of the liquid and
solid regimes (Fig. S9), captured by a time-dependent
weighting function wFðtÞ [30], it is likely that the actual
separation is spatially more complex and better described by
a spatiotemporal weighting function wFðr⃗; tÞ. Simulations
that incorporate the dynamics of shear-thickening fluids and
resolve the internal flow structure of the dropwould help test
this hypothesis.
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FIG. 5. Unified force model. (a) Temporal evolution of impact
force in Regime (3) for a volume fraction ϕ ¼ 0.41 mixture at
impact velocity U0 ¼ 5.1 m=s. The green solid line shows the
average of five experiments, with the shaded region representing
the standard deviation. The blue dotted line shows the weighted
inertial impact force ð1 − wFÞFi, the red dotted line shows the
weighted dilatant impact force wFFd, and the black dashed line
shows the summation of the two. Force is normalized by ρU2
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and time byD0=U0. (b) Ratio of the dilatant momentumMd to the
total momentum mU0 at different ϕ and U0=D0. Lines and
symbol shapes are the same as those in Fig. 1(d). Symbol colors
indicate Md=mU0.
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